Numerous experiments suggest that bubble formation in aqueous media is initiated by stable gas nuclei. Although attempts have been made both to detect and to describe these entities, their very existence is still controversial. This paper rep6rts a detailed investigation using light and electron microscopes. The objects identified as nuclei are found in both distilled water and gelatin, and they resemble ordinary gas bubbles. Radii are on the order of 1/zm or less and can be three orders of magnitude smaller. The number density decreases exponentially with increasing radius. A gas filling is implied by the observation that nuclei expand when the pressure decreases and contract when it rises. The occurrence of nuclear clusters and of binary or osculating nuclei suggests that stabilization is achieved via surfactant films. The monolayer thickness of these films, estimated from the thicknesses of bilayer septa, is 120 + 7) ,•. Many nuclei are embedded in reservoirs of surface-active material made visible by osmium-tetroxide stainirig. Electron microscope sections are hardened by infiltrating gelatin with epoxy. Reservoirs, encased in epoxy, form microbubble chambers in which the coalescence and bursting of nuclei can be studied during extended exposures to the electron beam.
INTRODUCTION
Theoretical calculations of the tensile strength of "pure" or "homogeneous" water give values on the order of 1000 atto, yet ordinary samples of sea water, tap water, or even distilled water form visible bubbles when subjected to tensile, ultrasonic, or supersaturation pressures as small as ! atm.
• Similar statements can be made about blood or tissue.
If, for example, deep-sea divers exhibited pure water thresholds, they would be free from decompression sickness (the bends) for depths up to 10 km.
The thousandfold discrepancy between homogeneous nucleation theory and experiment is usually explained by saying that the substances in question are "impure" and contain "nuclei" which lower caVitation thresholds.• Conversely, thresholds greater than 10 to 100 atto have been measured only by "denucleating" samples or by making them so small that the inclusion of a nucleus becomes unlikely. 2'• The stability of nuclei can be deduced from the fact that once a liquid has been denucleated, it remains so for extended periods. z'6 If nuclei are not readily replaced, then those which were originally present in the liquid must have been there a long time. A gas filling is implied by the observations that bubble formation thresholds can be significantly raised by degassing or by a preliminary application of static pressure? ß 6 Solid or liquid nuclei, containing no gas and being essentially incompressible, would not be affected.
The existence of stable gas nuclei is paradoxical. Gas phases larger than 1/zm in radius should float to the surface of a standing liquid, while smaller ones should dissolve within a few seconds due to surface tension. ? In a liquid supersaturated with gas, there is one radius at which a bubble would be in. equilibrium. However, as was emphasized by Gibbs, s even this equilibrium state is unstable. Bubbles larger than the equilibrium size are expected to grow even larger, while those smaller than the equilibrium size should collapse compictely.
In Refs. 9 and 10, the earlier proposals for stabilizing gas nuclei are critically reviewed, and a new model, called the varying-permeability or VP model, is introduced. The essence of the new model is that cavitation nuclei consist of spherical gas phases that are small enough to remain in solution and strong enough to resist collapse, their mechanical compression strength being provided by elastic skins or membranes composed of surface-active molecules. Surfaceactive molecules are also assumed to be stored in a "reservoir" located just outside the skin, and they can be recruited by the skin in situations where the nucleus expands. Ordinarily, VP skins are gas permeable, but they can become effec: tively impermeable when subjected to large compressions, typically exceeding 8 atm.
It follows from these assumptions that VP nuclei are remarkably stable. Unlike ordinary gas bubbles, VP nuclei of widely different radii can be stabilized at the same ambient pressure. Under most circumstances, all of the VP nuclei in a sample will have the same internal gas pressure, which is determined by diffusion equilibrium with the surrounding medium. Finally, VP nuclei can be cycled and restabilized at two or more different pressures, providing only that the threshold for bubble formation is not exceeded. This threshold, derived from the Laplace-Young equation, is the same as the condition for an ordinary gas bubble to grow spontan-
where p• =r -P,r.b
is the supersaturation pressure, •-is the dissolved gas tension, P•ma is the ambient pressure, y is the surface tension, and r is the radius. The central theme of the above introduction is that aqueous media, in general, and Knox gelatin, in particular, contain a profusion of spherical gas nuclei with radii on the order of I pm or less. This fundamental proposition is not universally accepted, and the purpose of the present series of experiments was to test it visually, using both light and transmission-electron microscopes. Preliminary results have been reported already at scientific meetings, •9'2ø and a detailed account is given here. To obtain as much information as possible about the objects being viewed, a variety of microscopes and techniques were tried. Phase-contrast light microscopes proved to be especially sensitive to nuclei because gas inclusions of any type produce large changes in refractive index and, hence, in the relative optical path lengths of the "direct" and "scattered" beams. The use of Nomarsky or interferencecontrast optics enhances the perceptions of depth and three dimensionality. Dark-field illumination, in which light is scattered at oblique angles by nuclei, is also quite sensitive and produces images that are virtually free of any background objects or structures. Ordinary bright-field illumination is also feasible, but it is not optimal since nuclei and their surrounding media are both rendered transparent and the contrast is poor. Transmission-electron microscopes are more susceptible to artifacts and distortion, but they permit high resolution and can be used to examine individual nuclei in detail.
The original scanning protocol was to look for structures of any type which appeared to be gas filled or to be associated with a gas phase. Most of the scanning and all of the photography were done by a professional microscopist, the second author, who had no previous knowledge of nucleation models and was therefore relativdy unbiased as well as highly trained. The microscopist was also encouraged to photograph and report any unusual objects or phenomena which she might come across. The data collected in accordance with this second protocol proved to be some of the most interesting.
A crucial step in this investigation was the verification that entities of the type identified as "stable gas nuclei" were both stable and gas filled. Much of the evidence for this was obtained with the apparatus shown schematically in Fig. 1 . The key element was an inverted phase-contrast microscope, which permitted liquid samples resting on a thin glass plate just above the field lens to remain undisturbed and in focus when subjected to a partial vacuum. The glass vacuum chamber surrounding the sample was connected to a much larger "buffer vacuum chamber" and then to a small vacuum pump. With this setup, pressures in the range from 0.2 to 1.0 atm abs could be applied to the samples within a few seconds.
Nuclear candidates were observed in distilled water and in both Knox 6'•'•2 and agarose • gelatin. Samples were ordinarily in prolonged contact with air; hence, the dissolved gas tension • was essentially 1 atm abs, as expected from Henry's law. For liquid samples subjected to changes in exterual pressure using the apparatus shown in Fig. 1 , there were two distinctly different situations. In the first, a 2.5-X 2.5-cm coverslip was placed on top of the sample so that the paths for diffusion from the central viewing region to the edges of the coverslip were long. In this case, r was expected to remain nearly equal to its value at the start of the experiment, 1 atm abs. In the second situation, no coverslip was used, implying that the paths for diffusion from the viewing volume to the upper surface of the sample were short, typically a few tens of microns. In this second case, the dissolved gas tension was expected to equilibrate in less than 1 s with whatever pressure was applied to the surrounding sample vacuum chamber. Surprisingly, the exact values of the dissolved gas tension have little bearing on the conclusions reached in these experiments. As mentioned in the Introduction, nuclei of the type envisioned in the VP model can be stabilized over a wide range of dissolvcd gas tensions, ambient pressures, temperatures, and radii, and it is precisely this fact--this remarkable stability--that distinguishes nuclei from ordinary gas bubbles.
Many of the results of this paper were obtained from thin slices of agarose gelatin? 1 Knox or other household gelatins 6'•'• have the disadvantage that they become moldy after a few days and, hence, cannot be conveniently dried and sectioned. Rigid sections were a necessity in the technique used to prepare electron micrographs, and, although the nuclei seen in water and in fresh Knox or agarose gelatin with light microscopes resembled those identified in dried sections ofagarose, their rapid motion often made it difficult to obtain clear micrographs in these substances. Finally, the number densities in agarose were some five orders of magnitude higher than in typical samples of distilled water, while those in water were another one or two orders of magnitude higher than in Knox gelatin. As a result of these enormous differences, the scanning time required to find a nucleus was ordinarily several hours in Knox gelatin and up to I h in water, whereas every agarose sample or section yielded success within a few minutes.
The first step in preparing agarose thin sections was to enhance the stiffness of the test material by "saturating" the sol with agarose powder, that is, by dissolving as much powder as possible before allowing the sol to cool. Agarose sampies to be sectioned for the phase-contrast, Nomarsky, darkfield, and bright-field microscopes were allowed to dry out at room temperature for several days. This further increased the stiffness and reduced the water concentration from about 95% to 85% w/w. Sections 2.5pm thick were then cut, and no auxiliary processing, such as fixing or staining, was required. Samples destined for the transmission-electron microscope, on the other hand, were subjected to a routine procedure normally applied to animal tissue. This included fixing in gluteraldehyde, staining in osmium tetroxide, dehydration with ethanol, and a final infiltration of the sample with epoxy resin. Sections of the desired thickness, typically 0.09/tm, were cut from hardened epoxy blocks using a diamond knife.
One of the outcomes of the microscope experiments was the accidental discovery of a method by which certain interactions and dynamical properties of bubble-formation nuclei can be investigated. The method is particularly promising because it can be applied quite easily to objects or structures as small as a few tens ofangstroms. The general observation is that beams of light or of electrons can be used to heat samples containing nuclei while they are being viewed. In the case of the liquid samples seen with light microscopes, the results are rather chaotic, and it is difficult to track heated nuclei, let alone photograph them. Dried samples studied with light microscopes show very little effect. In the case of hardened samples viewed with the transmission-electron microscope, however, the nuclei and their surrounding reservoirs are perforce trapped in epoxy thin sections, which serve not only to hold them in place, but also to constrain the total volume, the shape, and the material content. The confined volumes and their epoxy walls are referred to in this paper as "microbubble chambers." Within these chambers, some truly remarkable phenomena have been observed.
II. RESULTS
Nuclear candidates seen in water and fresh gelatin "squashed" between a coverslip and a glass microscope slide exhibit Brownian motion and are usually in rapid translation. In some cases, it has been possible to follow a particular candidate for several minutes, thereby demonstrating its stability and a persistence time that is at least two orders of magnitude longer than the theoretical dissolution time for an ordinary gas bubble. ? Fig. 1 . The upper and lower micrographs were taken at 0.26 atm abs, and the one in the center was taken at 1.00 atm abs. The main conclusion is that nuclei expand when the pressure falls and contract when it rises. It follows that they must be gas filled. A second conclusion is that nuclei can be stabilized at different radii and pressures. just barely touching and appear still to be spherical at the point of contact. In agarose, about 5% of the identified structures are of this type. Binary systems have also been seen in distilled water. One example, photographed with ordinary bright-field illumination, is shown in Fig. 3 . Although the contrast is poor, the observation of osculating nuclei in water is important because it demonstrates that complex structures such as these are not artifacts associated only with the use of gelatin, the preparation of thin sections, etc.
The results of a "vacuum-on, vacuum-off" experiment performed with liquid agarose under a coverslip are summarized in Fig. 4 . Although the magnification and resolution of the inverted phase-contrast microscope depicted in Fig. 1 are lower than those of the high-quality phase-contrast microscope referred to in Fig. 2 , the number densities, physical sizes, and general appearances of the candidate nuclei are the same. The upper and lower micrographs in Fig. 4 were taken at 0.26 atto abs, and the middle photograph was taken at 1.00 atm abs. The main conclusion from this study is that nuclei expand when the pressure falls and contract when it rises. Since solid or liquid nuclei would be insensitive to such changes in pressures, the objects being investigated must be gas filled. A second conclusion from the "vacuumon, vacuum-off'' experiment is that bubble formation nuclei are very stable. The three micrographs shown in Fig. 4 are part of a longer sequence demonstrating that nuclei can be cycled repeatedly and still survive. Not only are nuclei of different radii stable at the same pressure setting, but a given nucleus can be restabilized at two or more different pressures, provided that the threshold for bubble formation is not exceeded. There was a tendency for some of the objects seen in Fig. 4 to drift out of focus as the series progressed.
Most of the candidates, however, could be tracked from beginning to end.
When the "vacuum-on, vacuum-off" experiment was repeated without a coverslip, the results were very different. During the initial decompression, candidate nuclei became smaller, rather than larger, and some of them could no longer be seen. During the subsequent compression, nuclei were neither regenerated nor restored. This sequence is a direct demonstration of the well-known technique for denucleating samples by degassing? The time required for both degassing and denucleation was short because the samples were so thin. The reservoirs in Fig. 5 are completely encased in airtight, hardened epoxy, thereby forming three separate "microbubble chambers." As this portion of the agarose thin section is warmed by the electron beam, the contents of the microbubble chambers seem to melt, allowing the enclosed nuclei to coalesce and form one gas phase per reservoir. In this case, coalescence occurs via diffusion of gas through the nuclear skins, which appear as dark borders or outlines and which at all times remain intact. As one might expect from the behavior of ordinary soap bubbles, smaller microbubbles discharge their contents into larger ones. This is another consequence of the Laplace-Young equation, which associates a pressure difference zip = 2y/r with a surface tension y and radius of curvature r. Figure 6 shows the time progression of a nuclear cluster exposed for several minutes to the electron beam. Such clusters account for approximately 2% of the candidate structures found in agarose, but none have yet been seen in distilled water. As in Fig. 5 , the membranes surrounding the individual gas compartments are clearly visible. The end result of this exposure is again a single spheroidal gas phase embedded in a reservoir.
The outer boundaries of the reservoirs in Figs. 5 and 6 are not noticeably altered by the beam. Evidently, the walls of the respective microbubble chambers are fairly rigid and melt at a temperature that is relatively high. In two in• stances, however, the beam has heated a chamber to the point where an encased microbubble "pops" through the epoxy wall and releases a burst of gas which, although minute, is sufficient momentarily to shut off the beam. The photographic record of one of these events is shown in Fig. 7 , providing additional evidence that the objects being studied are gas filled and remain so throughout fixing, staining, dehydration, infiltration, and sectioning.
Theoretically, there is no stable configuration of aggregating bubbles inside a homogeneous liquid which involves a shared boundary layer or membrane. 22 The osculating nuclei seen in Figs. 2 and 3 , for example, are just barely touching. Within a rigid microbubble chamber, however, common septa and a foamlike microbubble structure are possible. This is illustrated in Fig. 8, which contains a The assumption is once again being made that this entire microbubble structure, including gas compartments, septa, and attached particles, was present in a similar form in the original agarose sample.
The differential radial distribution of gas cavitation nuclei in agarose is plotted in Fig. 10 . These data were obtained with the high-resolution phase-contrast microscope referred to in Fig. 2 With a number density on the order of 10 •ø per cm 3, agarose is "hypernucleated." For every gross bubble that is counted in a typical experiment, there must be a vast number of supercritical nuclei that begin to grow but soon lose out in the severe competition for excess dissolved gas. Neighboring cavities may rob gas from one another or coalesce to form larger and more viable structures. 22 The correspondence between supercritical nuclei and gross bubbles would then no longer be one to one but might be on the order of 10 7 to 1.
The nuclei themselves 9'•ø and their initial exponential size distribution •7 could still be described by the VP model, but their behavior in the "phase-equilibration" regime •4 of agarose gelatin would be unlike that in the "nucleation-limited" regime of Knox gelatin and distilled water. In the phaseequilibration regime, for example, nucleation is so profuse that virtually all of the excess gas comes rapidly out of solution, 24 and the number of bubbles is not determined by nucleation per se but by other factors, such as the speed with which supersaturaton is induced and the homogeneity and stiffness of the surrounding medium. It is not known why The tendency of bubble-formation nuclei to accrete solid debris was deduced already from the gelatin filtration experiment and is discussed especially in the two appendices of Ref. 11. Ideally, each filter in that investigation would have eliminated all of the nuclei in the sample with cavitation radii larger than the filter-pore radius and none with cavitation radii that were smaller. In practice, the former condition was satisfied, while the latter was not. It is now evident that there are at least four nucleating systems for which the geometric radius can be larger than the cavitation radius, namely, isolated nuclei encumbered by solid particles, nuclei embedded in extensive reservoirs, osculating nuclei, and nuclear clusters. A fifth example, not encountered in the present study, would be gas-filled crevices in motes?
The thickness ofthe.intact septurn in Fig. 9 is (49 q-14) .&. It is plausible that this septum consists of two layers of The fact that no intrinsic minimum or cutoff has been observed at the 10-• level suggests that "homogeneous" generation of stable gas nuclei may be feasible in highly concentrated agarose2 Such a process could account for the high number density in this medium. Another possible mechanism is that proposed for the de nooo formation of cylindrical gas vacuoles in blue-green algae.
•9 In the limit of zero radius, the VP nucleus would become truly a micelle and not just "a micelle with gas inside."9
The findings of this experiment, though sometimes unexpected, appear to be remarkably consistent with the ¾P model.9. to.•? The most important point is that nuclear candidates are stable microbubbles, i.e., gas phases that tend to have a spherical shape and are apparently stabilized by elastic skins or membranes consisting of surface-active molecules. Surface-active molecules seem also to collect in resetvoirs located just outside the skins. Although no reservoirs have been detected in water or gelatin viewed with optical microscopes, they are easy to find in electron micrographs made of agarose samples darkened by osmium-tetroxide staining. Osculating nuclei and nuclear dusters have a simple explanation in the VP model via the tendency of surfactant films to attract one another and form bilayers? In some cases, nuclear clusters consist of numerous spheres floating freely in a shared reservoir, while in other cases, they are crammed together, partitioning a limited space with their shared membranes and filling it with irregularly shaped gas compartments.
The conditions for coalescence appear also to be consistent with a VP interpretation. Since VP skins are ordinarily permeable to gas, nuclei embedded in the same medium will normally have the same internal pressure, independent of their radii. The smaller of the two osculating nuclei in Fig. 3 does not discharge its contents into the larger, as would be the case for ordinary gas bubbles, because the diffusion gradient across their skins is zero. This is made possible in the VP model ø'lø'" by the "skin compression" F, which can vary from zero up to maximum value Yc-In the ease shown in Fig. 3 ,/P exactly cancels the normal interfacial tension y, thereby yielding a net surface tension y' = y --/•, which is zero. Warming is expected to decrease Yc as the surfactant molecules become less tightly bound. When Yc falls below y, as in Figs. 5, 6, and 8, the skin compression is no longer able to neutralize the interfacial tension completely, and coalescence begins to occur, either via diffusion through nuclear membranes that remain intact or through the breaking of a common septtun which allows two adjacent compartments to merge?
Warming also increases the vapor pressure and the pressure of gas already inside a microbubble, and by decreasing the solubility, it causes additional gas to come out of solution. As the pressure inside the microbubble chamber in Fig. 7 rises, the chamber itself "pops," thereby releasing a burst of gas which momentarily shuts off the electron beam. Although the quantity of gas liberated in this process is minute compared to that already present in the entire microscope vacuum chamber, its effect appears to be very much enhanced due to the positioning of the specimen directly in the electron beam. In this configuration, the beam channel upstream of the specimen seems to act like the barrel of a gun, guiding a tiny shock wave of released gas backwards from the specimen to the highly sensitive filament.
The objects studied in this experiment appear to have all of the properties required to initiate bubble formation. Nevertheless, the complete process culminating in a macroscopic bubble has not yet been observed. The explanation for this is clear. In the case of agarose gelatin, only about one nucleus out often million is expected to form a gross bubble in a typical case. Nuclei are difficult to find in Knox gelatin, and, in water, expanding nuclei quickly float out of view. A possible method for photographing bubble formation in water would be to trap the growing gas phase on the underside of a glass plate, a technique described in Refs. 18 and 30.
There is considerable evidence that gas-filled crevices can also act as cavitation nuclei? '31 The crevice mechanism is certainly viable, • and it is generally believed to be the main factor responsible for bubble formation that occurs on solid surfaces and container walls, a phenomenon that is still under active investigation. 32 Whereas solid particles were occasionally seen in the present microscope experiments, both in isolation and adherance to an interface as in Fig. 9 , their role appears to be incidental. In particular, most interfaces are completely free of visible contaminants. When solid particles are associated with a gas phase, they cover only a small fraction of the interfacial area. "Ragged surfaces" are common, as reported in Ref. 33, but none of the crevices seen here in isolated particles were gas filled. This null result carries some weight because crevices examined with the transmission-electron microscope are viewed in cross section, rather than head on as with the scanning electron microscope used in Ref. 33, and there is a reasonable chance of identifying a gas filling if one is present. The final point, therefore, is that gas-filled crevices in motes, if they exist in bulk water or gelatin, are very rare in comparison with their spherical counterparts.
